In this study, we propose a novel technique to measure electric fields and electrokinetic phenomena in microchannels using two kinds of tracer particles with different electrophoretic mobilities. In the present technique, electric fields, whose precise measurement is quite difficult, is obtained from the velocity differences between two kinds of tracer particles. The principle of electric field measurement is based on the flow visualization and the mathematical analysis of the flow fields of different particles. Each tracer particle with different mobilities due to surface charge densities is mixed in a buffer solution to analyze the flow by particle image velocimetry (PIV). Experimental demonstrations are successfully conducted both in straight and T-shaped microchannels with rectangular cross sections. The experimental results of the electric field are compared with the roughly estimated values based on the numerical analysis of the Laplace equation. The comparison indicates the applicability of the proposed technique because they are in reasonable agreement. Moreover, the detailed electrokinetic phenomena, e.g., the electrophoresis and electro osmosis flow, are successfully investigated using the electric field obtained here. These results lead us to conclude that the proposed method can be used as a practical tool to access the details of electrokinetic phenomena in microchannels.
Introduction
Electro osmosis flow (EOF) is one kind of electrokinetic phenomenon widely used to control liquid flows in microchannels. EOF is usually induced by applying an electric field to a microchannel filled with an electrolyte solution. Several methods have been proposed for measuring EOF. For example, one-dimensional velocity can be obtained by visualizing the liquid flow using fluorescent dyes (1) - (3) and tracer particles (4) , (5) . For pressure driven flows, effective tools for measuring two-or three-dimensional velocity fields are micron-resolution particle image velocimetry (microPIV) and micron-resolution particle tracking velocimetry (microPTV) (6) , where the velocities of the tracer particles are assumed to equal those of the continuous liquid due to the small diameter. For EOF, however, tracer particle flow is affected not only by the liquid flows but also by the tracer particle electrophoresis. Thus, the velocities of the tracer particles often differed from those of the liquid flow, i.e., EOF. Devasenathipathy et al. (7) and Sato et al. (8) proposed techniques to estimate EOF velocity. In their methods, EOF velocity is obtained by subtracting electrophoresis velocity from the apparent velocity of the tracer particles. Note, however, that electrophoresis velocity is estimated from the
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In this paper, we propose a novel method for measuring electric fields in microchannels using two kinds of tracer particles with different electric mobilities. Electric fields are obtained from the velocity differences between two kinds of tracer particles based on the linear relationship between electrophoresis velocities and local electric fields. To evaluate the basic concept proposed here, the measurement is first carried out using a straight microchannel with a rectangular cross section. The result validates that the velocity difference due to different particle mobilities is detectable by digital image processing based on microPIV and can be used to quantitatively measure electric fields. Second, the measurement is carried out using a T-shaped microchannel to test the applicability for two-dimensional measurement that gives two-dimensional data, including electric field, electrophoresis velocity, and EOF velocity. In addition, the measured electric field is compared with that from the numerical analysis of the Laplace equation to discuss the validity of the proposed method in detail. Consequently, we found that the fundamental measurement technology developed here can be used in the practical application fields of micro flows, e.g., for analyzing electric fields and electrokinetic phenomena in microchannels. 
Principles and experimental setup

Basic mechanism of electric field measurement
The liquid flows of electrokinetic phenomena in microchannels are usually low Reynolds number flows due to their small characteristic lengths. Thus, the flow dynamics can be reasonably approximated by the Stokes equation that ignores the nonlinear term in the Navier-Stokes equations. The unsteady motion of a tracer particle in a microchannel can be described by the Basset-Boussinesq-Oseen (BBO) equation. The effect of electrophoresis can be included in the BBO equation by adding the Coulomb force that is exerted on the particle. In this study, however, we focus on the steady state, which is a requirement for the proposed method. Thus, the equation of a tracer particle's motion can be approximated as
where d, E, q i , u, and μ are the diameter of the tracer particle, the electric field, the effective charge of the tracer particle, the velocity, and the viscosity of the continuous phase, respectively. Subscripts f and p indicate the continuous phase and the tracer particles, respectively. The another subscript i is either 1 or 2, which corresponds to the type of tracer particle, P 1 or P 2 , respectively. This approximation of Eq. (1) is valid for the flow with a time scale longer than 10 −3 s with the experimental setup in this study (See appendix).
If two kinds of particles with different effective charges, q 1 and q 2 , are used for visualizing elecrokinetic phenomena, their velocity differences can be observed. Velocity difference
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Since the electric field is proportional to the velocity difference, E can be obtained by measuring u p,1 − u p,2 and (q 1 − q 2 )/(3πμd).
Experimental methods
The properties of the tracer particles are listed in Table 1 . For the two kinds of tracer particles, P 1 and P 2 , fluorescent polystyrene microspheres are used with identical 500 nm diameters and identical 1050 kg/m 3 densities. The surface of P 1 is modified by the carboxyl group to obtain a different effective charge without changing the basic flow characteristics. The liquid for the continuous phase is prepared using deionized water by controlling the pH to 7.2 by adding a NaOH solution. In addition, pH is maintained using HEPES at a concentration of 1.0×10 Figure 1 shows a schematic of the straight and T-shaped microchannels for the experiment. Both microchannels have rectangular cross sections 50 μm wide and 100 μm deep. Measurement is conducted at the horizontal middle plane that is 50 μm deep from the bottom wall. This setting for the observation minimizes the three-dimensional effect in the flow field caused by the top and bottom walls. The microchannel is made of polydimethylsiloxane (PDMS) except for the bottom wall of the transparent glass. The detailed fabrication process can be found in our previous papers that describe applications of PDMS microchannels for cell encapsulation (12) and the gas-liquid flows (13) . The microchannel is filled with the prepared liquid, including the tracer particles, and is placed on the stage of an inverted microscope (IX71, Science and Technology Olympus). A photograph of the experimental setup is shown in Fig. 2 . The measurement is started after stopping the liquid flow due to the pressure head difference between the inlet and the outlet at the microchannel ends. The electric field is applied through platinum (Pt) wires of 0.08 mm diameter located in the reserver tanks. The tracer particles are optically excited to give light emission using a mercury lamp and fluorescent mirror units for the excitation of P 1 at 460-495 nm (U-MNB2) and P 2 at 510-550 nm (U-MNG2), respectively. P 1 and P 2 are separately visualized exploiting the differences in their emission wavelengths of 515 nm for P 1 and 612 nm for P 2 . An objective lens with 60 times magnification and N.A.=1.45 (APON 60× OTIRFM, Olympus) was used for the observations. Depth δz of the field (14) for the visualization was estimated as 2.5 μm and 2.7 μm for P 1 and P 2 , respectively. Digital images of 672×512 pixels were captured at a frame rate of 16.4 fps and an exposure time of 50.0 μs using a CCD camera (ORCA-ER, Hamamatsu photonics) and analyzed by PIV analysis to obtain the velocity field of the tracer particles. This analysis was conducted with interrogation windows of 32×32 pixels that correspond to 6.53×6.53 μm. All interrogation windows were overlapped by 50%. Cross-correlation values, which were obtained by two stages from the viewpoints of computation cost and accuracy, were first calculated by an FFT-based method and the central difference interrogation method (15) . Then the final values were obtained by the direct cross-correlation method to improve analysis precision. In addition, sub-pixel analysis was conducted based on the Gaussian interpolation method (16) . Note that observation for the two kinds of tracer particles can be simultaneously carried out by preparing two different optical paths for each, although the observation was conducted separately in this study. Figure 3 shows histograms of tracer particle velocities for components of u p,1 and v p,1 , respectively. The velocity data from the experiment include the effect of Brownian motion (17) .
Effect of Brownian motion
Roughly speaking, the data of u p,1 and v p,1 were symmetrically distributed around 6.10 μm/s Science and Technology Vol.4, No.3, 2009 and 0.07 μm/s, respectively. The velocity of an interrogation window corresponds to a mean value of tracer particle velocities in the window. Thus, mean-square displacement σ 2 of an interrogation window for Δt s can be described as
where M and Δr l are the number of tracer particles in the interrogation window and the displacement of a tracer particle for Δt. Subscripts l and k are the tracer particle numbers. Interval Δt of 61.0×10 −3 s between the two images is longer than 10 −3 s, where the condition satisfies the steady state. Thus, the Brownian motion of different particles can be considered independent stochastic processes, and the second term of the right hand side (RHS) in Eq. (3) is negligible. Since the measurement data are two-dimensional, σ 2 can be related to Einstein's relation as
where k B and T are the Boltzmann coefficient and the absolute temperature. Value k B T/(3πμd) is used for the diffusion coefficient of a tracer particle. Using Eq. (4), the measurement variation can be related to Brownian motions of tracer particles. Based on the experimental conditions of M ∼ 4 and T = 300 K, σ 2 is predicted to be 0.0534 μm 2 from the RHS of Eq.
(4). σ 2 from the experiment is obtained as a relatively similar value of 0.0669 μm 2 based on the assumption of Gaussian distribution. In this measurement, the length of 1 pixel on a side corresponds to 0.204 μm. Assuming that the precision is 0.1 pixel with sub-pixel analysis, velocity resolution is estimated as 0.335 μm/s. Thus, the velocity data intrinsically include about 3.35% measurement errors with characteristic velocity of 10 μm/s, for example. However, the effect of the measurement error is relatively small compared with the effect of Brownian motion, where σ 2 from the sub-pixel analysis is estimated to be 8.44×10 −4 μm 2 . Summarizing the above discussion, the variation in velocity data is mainly caused by Brownian motion. Thus, the effect can be reduced by arithmetic averaging. The experimental data described below are the mean data of a sequence of 200 times. The error in the mean velocity can be estimated as σ/(N 0.5 Δt), where N is the amount of data for averaging. For example, the error and the relative one are 0.207 μm/s and 3.39%, respectively, for the data shown in Fig. 3(a) .
Numerical method for validation
To evaluate the validity of our proposed method, the measured electric field is compared with that of the numerical analysis. The electric field in a microchannel is estimated based on the Laplace equation:
where φ is the electric potential. Numerical calculation is conducted with 2D approximation. The electric potentials are set to be constant values at the inlet and outlet boundaries of the microchannel. At the wall boundaries, φ is calculated by the insulation condition as
where n indicates the normal unit vector at the walls. The basic equation is rewritten as a finite difference equation using the centered spatial differences of second-order accuracy. 
Results and discussion
Preliminary experiment in straight microchannel
To quantitatively evaluate the accuracy of the proposed method, a preliminary measurement was conducted with a straight microchannel. Figure 4 shows a photograph of the microchannel taken with P 1 at 500 V/m. The tracer particles in the observation field are relatively clearly visualized, whereas those of out of the observation field are not. Using this visualization technique, the cross-correlation value in PIV analysis highly depends on the imaged particles in the observation field. Figure 5 shows the tracer particle velocity measured by PIV analysis. The velocity seems uniform in the cross section because the velocities have non-zero values near the wall boundary where the velocity profile in the electric double layer is undetectable because the thickness is much thinner than the diameter of the tracer particles. Flow rates through cross sections at each x deviates 2.8 % around the mean value, indicating that the flow can be assumed as two-dimensional. The comparison of the mean values of u p,1 and u p,2 is shown in Fig. 6 . Both values are uniform in the cross section, but they show the apparent differences between them. u p,2 around the center of the cross section is slightly small. From many more experimental runs using the straight microchannel, we found the following considerable effects on the experimental data: (1) the reproductivity of EOF, (2) the transition of the wall boundary condition such as the electrokinetic potential, (3) the temperature dependence of the physical properties, (4) the fabrication precision, and (5) the pressure head difference between the reserver tanks at the ends of the microchannels. The value of u p,i can sometimes be about several tens of % different from that of other experiments. However, the difference between u p,1 and u p,2 always shows similar values that deviate less than 10 %. From the velocity profile, the velocity decrease at the center of the cross section in Fig. 6 is considered to be caused by (5) . To reduce the effect of (5), improvements are required, such as designing a larger reserver tank. The velocity difference in Fig. 6 is obtained as 1.81 ±0.35 μm/s, which corresponds to the electric field of 471 ±91 V/m. This mean value has 5.7% relative error from the predicted value of 500 V/m based on the Laplace equation. These results suggest that the proposed method is practical enough to quantitatively measure the electric field.
Electric field measurement in T-shaped microchannel
To demonstrate our proposed method's applicability in more practical microchannels, measurement is conducted with a T-shaped microchannel (Fig. 1(b) ). Figure 7 shows a photograph of P 1 tracer particles in a T-shaped microchannel by applying an electric field. The electric potentials of 0 V, 5 V, and 5 V, which are applied to Pt wires at the microchannel ends, are indicated as 'GND', '+', and '+' in Fig. 7 , respectively. Figure 8 shows u p,1 , which is measured at the above conditions. The tracer particles flow symmetrically about the y axis and enter the junction area from the left and right channels and outflow to the center channel with GND. At (x,y)=(0,0), the absolute value of the velocity is relatively small, since the area is confluence of the flows with small E. On the other hand, the velocity is relatively large around the corner: (x,y)=(25,50) and (x,y)=(-25,50). Such large velocity is probably induced because the liquid from the left and right channels flows together into the center one and because the electric field is large around the corner. After measurement u p,2 with another tracer particle P 2 , the electric field is obtained by Eq. (2) as shown in Fig. 9 . The relative error of the prediction by Eq. (2) from the numerical result by Eq. (5) averages about 7.9 % in terms of the electric field. This result indicates that the proposed method is applicable even for measurements of the two-dimensional electric field. However, the continuity of the electric field seems worse than that of the velocity data. This may be one disadvantage; measurement error increases through the process that estimates the electric field. This disadvantage can be overcome by increasing the amount of velocity data for averaging. The electric potential distribution is obtained by integrating the electric field shown in Fig. 9 with respect to the space. To avoid the bias error due to one-directional integration, the relaxation method is used with alternately changing the integration path. Figure 10 compares the predictions by velocity measurement and the numerical calculation of Eq. (5) in terms of the electric potential for reference and shows their quantitative agreement. Since the electric field is basically proportional to the velocity difference, the relative error is notable around (x,y)=(0,0), where the velocity is relatively low.
Application sample for electric osmosis flow
Velocity u f of the continuous phase is estimated using the predicted electric field to demonstrate the applicability for investigating the electrokinetic phenomena. Electrophoresis occurs from the negative pole of 'GND' shown in Fig. 7 to the positive pole of '+' shown in Fig. 7 due to the negative effective charge of the tracer particles. On the contrary, the electrokinetic flow, EOF in this case, comes from the positive pole to the negative pole as shown in Fig. 11 . This indicates that the surface charges of the PDMS and the glass are negative, where they qualitatively agrees with Kazoe et al. (20) . From the viewpoint of the theory of Eq. (1), although u p,1 is used to obtain u f in Fig. 11 , there should be no substantial difference in the choice between u p,1 and u p,2 . Unfortunately, in the present study, u f from u p,1 and u p,2 actually make differences of about 1.9% due to the measurement error in the electric field.
Since electrophoresis and EOF occur in opposite directions with similar magnitude, the resultant velocity of the tracer particles is relatively small in this measurement. For measurement with a relatively strong effect of electrophoresis that results in a large difference between Science and Technology Vol.4, No.3, 2009 Fig. 12 Accelerated motion of a tracer particle and magnitude of forces acting on particle u f and u p , evaluating the electric field using the proposed method is especially important. As seen above, the two-dimensional distributions of the electric field and the electrokinetic flow can be measured using the proposed method with reasonable accuracy. Remarkably, this method does not require any theoretical approximations except for the steady flow and the very small diameter of the tracer particles. Consequently, it might be applicable for measuring the flow for much more complex conditions such as non-electrically neutral and non-uniform electrokinetic potential. Future research will continue to reduce measurement error in the electric field. This may be overcome by increasing the amount of velocity data for averaging, by using tracer particles with smaller Brownian effects, and by increasing the number density of the tracer particles.
Conclusion
In this study, we proposed a novel method for measuring electric fields based on microPIV and validated the analysis applicability of electrokinetic phenomena in microchannels. The electric field measured by the proposed method is compared to that from the numerical calculation based on the Laplace equation. From their reasonable agreement, validity is confirmed for two-dimensional flows. The following are the main results obtained from this study:
(1) It is confirmed by BBO equation that the tracer particle flow reaches a steady state after 10 −3 s of the step-like change of the liquid flow. Thus, the proposed method is applicable for measuring flow dynamics with a time scale longer than 10 −3 s.
(2) The measurement errors were analyzed by considering the effect of Brownian motion on the microPIV data. The analysis shows the validity of the averaging procedure for velocity data with frame interval Δt that is sufficiently longer than 10 −3 s.
(3) The measurement results of the electric field both in the straight and the T-shaped microchannels are in reasonable agreement with those of the numerical predictions. This confirms the validity of the proposed method. In addition, the electro osmosis flow is estimated using the measured electric field. Applicability for non-electrically neutral electric fields or one with more complicated boundary conditions can be expected and is future research.
